INTRODUCTION
Immunogenetics is the science that studies the genetics of the immune system and immune responses. Among them, the adaptive immune response, acquired by vertebrates with jaws or gnathostomata, is characterized by an extreme diversity of the specific antigen receptors that comprise the immunoglobulins (IG) or antibodies and the T cell receptors (TR). The potential repertoire of each individual is estimated to comprise about 2 × 10 12 different IG and TR, and the limiting factor is only the number of B and T cells that an organism is genetically programmed to produce. This huge diversity results from the complex and unique molecular synthesis and genetics of the antigen receptor chains that include DNA molecular rearrangements (combinatorial diversity) in multiple loci (three for IG and four for TR in humans) located on different chromosomes (four in humans), nucleotide deletions and insertions at the rearrangement junctions (or N-diversity) and, for the IG, somatic hypermutations (for review see Lefranc and Lefranc, 2001a,b) .
Owing to the complexity and diversity of the immune repertoires and their implications in fundamental and medical research, immunogenetics represents one of the greatest challenges for data interpretation: a large biological expertise, a considerable effort of standardization and the elaboration of an efficient system for the management of the related knowledge were required. To answer that challenge, IMGT®, the international ImMunoGeneTics information system® (http://www.imgt.org) was created in 1989 by the Laboratoire d'ImmunoGénétique Moléculaire LIGM (Université Montpellier 2 and CNRS) at Montpellier, France Lefranc, 2011a) . IMGT® has become the global reference in immunogenetics and immunoinformatics. IMGT® is a highquality integrated knowledge resource that provides a common access to standardized data from genome, proteome, genetics, two-dimensional (2D) and three-dimensional (3D) structures. It comprises 7 databases (sequence, gene, structure and specialist databases), 17 online tools and more than 15,000 pages of web resources .
IMGT® has reached that goal through the building of a unique ontology, IMGT-ONTOLOGY started in 1989 and, since then, in constant evolution and extension (Giudicelli and Lefranc, 1999; Lefranc et al., 2004 Lefranc et al., , 2005a Lefranc et al., , 2008 Duroux et al., 2008; Lefranc, 2011b Lefranc, ,c,d,e,f, 2013 . IMGT-ONTOLOGY represents the first ontology for the formal representation of knowledge in www.frontiersin.org immunogenetics and immunoinformatics. IMGT-ONTOLOGY manages the immunogenetics knowledge through diverse facets that rely on the seven axioms of the Formal IMGT-ONTOLOGY or IMGT-Kaleidoscope: "IDENTIFICATION," "DESCRIPTION," "CLASSIFICATION," "NUMEROTATION," "LOCALIZATION," "ORIENTATION," and "OBTENTION" . These axioms postulate that any object, any process and any relation has to be identified, described, classified, numbered, localized, and orientated, and that the way it is obtained can be characterized. The IMGT-ONTOLOGY concepts were generated from these axioms. The concepts of identification, description, classification, and numerotation led to the elaboration of the IMGT® standards that constitute the IMGT Scientific chart: IMGT® standardized keywords (concepts of identification), IMGT® standardized labels (concepts of description), IMGT® standardized IG and TR gene and allele nomenclature (concepts of classification) and IMGT unique numbering and IMGT Collier-de-Perles (concepts of numerotation). One major feature of IMGT-ONTOLOGY is the formalization of the specific relations that link, on a semantic point of view, the different concepts and capture the immunogenetics complexity. These relations are fundamental for data consistency and biological interpretation.
MATERIALS AND METHODS
An ontology is defined as "an explicit specification of a conceptualization" (Gruber, 1993; Guarino and Giaretta, 1995; Guarino, 1997) . The building of IMGT-ONTOLOGY has consisted in the conceptualization and in the formalization of the related knowledge in immunogenetics, and in the definition of the relations between concepts. The first concepts were defined as "relevant and fundamental criteria which are needed to characterize IG and TR data" (Giudicelli and Lefranc, 1999) . Since then, the IMGT-ONTOLOGY concepts have been largely extended to molecular components other than IG and TR, that include major histocompatibility (MH) proteins of humans and other vertebrates, proteins of the immunoglobulin superfamily (IgSF), and MH superfamily (MhSF), related proteins of the immune system (RPI) of vertebrates and invertebrates, therapeutic monoclonal antibodies (mAbs), fusion proteins for immune applications (FPIA), and composite proteins for clinical applications (CPCA).
Concepts are characterized by their properties which may be simple attributes or relations between concepts. The relation of subsumption (is_a) allows to structure the IMGT-ONTOLOGY concepts, and to represent them as nodes of the graph with their level of granularity. The concepts that correspond to the finest level of granularity (and the highest level of precision) in branches of the graph are designated as "leafconcept." Concepts from which a hierarchy is generated with several levels before reaching the leafconcepts are designated as "highconcept."
IMGT-ONTOLOGY is being formalized in OWL-DL 1 language using the Protégé editor 2 (Noy et al., 2003) . The formalized concepts of identification are available for downloading or browsing on the National Center for Biomedical Ontology (NCBO) BioPortal 3 (Noy et al., 2009; Musen et al., 2012) and on the IMGT® web site (http://www.imgt.org; Lefranc, 2011a,b,c,d,e,f) .
The semantic relations (other than subsumption) are formalized as OWL object properties (see OWL 2 Web Ontology Language http://www.w3.org/TR/owl-primer/): Object properties allow to link specifically two concepts through the statement "Subject > Property > Object" where "Subject" is the concept being characterized by the object property, "Property" the name of a given property defined in the ontology and "Object" the name of the concept that is linked. These properties are restricted using in particular universal quantification (all connected individuals by the property must be instances of a given class), existential quantification (all individuals of the class for which the property is defined are connected to at least one individuals of the class mentioned in the restriction) and cardinality restrictions (quantification of the number of connected individual with the property). These relations can be displayed on NCBO BioPortal in "IMGT-ONTOLOGY > Terms > Details"page. They are indicated in the "Equivalent Class" section if they are necessary and sufficient to define the concept, or in the "Sub Class Of " section if they are necessary only (for instance, the relations "is_defined_by" and "_has_" of the "D-gene" (which is a "Molecule_EntityType" leafconcept, see below "Molecule_EntityType" Concept), are examples of relations in "Equivalent Class" and "Sub Class Of " sections, respectively). The formalization of these relations highlights and focuses on the dependencies between the terms that are closely interconnected at the level of immunogenetics knowledge and set up the constraints that must be respected in the IMGT® databases and tools and in immunoinformatics.
RESULTS

IMGT-ONTOLOGY IDENTIFICATION AXIOM
The IDENTIFICATION axiom of the Formal IMGT-ONTOLOGY or IMGT-Kaleidoscope postulates that, for molecular components, any molecule and its relations have to be identified (Lefranc, 2011b) . IMGT-ONTOLOGY concepts of identification generated from the IDENTIFICATION axiom led to the IMGT® standardized keywords for molecular components (IG, TR, MH, RPI, FPIA, and CPCA) in IMGT® databases and tools.
IMGT-ONTOLOGY concepts of identification
"Molecule_EntityType" concept. The objective of IMGT-ONTOLOGY was to identify the type of any molecular entity at each step of its synthesis. An insight of the knowledge related to the synthesis of an IG is schematized in Figure 1 . It illustrates the concept of "Molecule_EntityType" and the other related concepts of identification and the relations that link them.
The "Molecule_EntityType" concept is fully defined by the concepts of "MoleculeType," "GeneType," and "ConfigurationType" (Figure 2 ).
-"MoleculeType" allows one to identify the type of molecule, based on the type of the constitutive elements and on the concepts of obtention. The "MoleculeType" concept comprises four major leafconcepts: "gDNA," "mRNA," "cDNA," "protein." -"GeneType" allows one to identify the type of gene. The "GeneType" concept comprises six leafconcepts: "variable" (V), "diversity" (D), "joining" (J), and "constant" (C) are the four gene types specific of IG and TR, and "conventional-withleader," "conventional-without-leader" are the two gene types of conventional genes. -"ConfigurationType" allows one to identify the type of configuration of a gene, and by extension, the type of configuration of the Molecule_EntityType leafconcepts that contain it. The "ConfigurationType" concept comprises four leafconcepts: "germline,""partially-rearranged" and "rearranged" for V, D, and J genes and the molecule entities that contain them, and "undefined" for C and conventional genes and related entities.
The "Molecule_EntityType" concept comprises 38 leafconcepts ( Table 1) . For examples, "V-gene" identifies, for gDNA, molecule entities with a germline V gene, "V-D-J-gene" identifies, for gDNA, molecule entities with rearranged V, D, and J genes, and "L-V-D-J-C-sequence" identifies, for cDNA, molecule entities with rearranged V, D, and J genes spliced to a C gene. The four "MoleculeUnit" leafconcepts that are "gene" (10),"transcript" (11), "sequence" (11), and "chain" (6) identify the type of entities based on the "MoleculeType" only, as indicated by the suffix ( Table 1) .
In addition to the relation "is_defined_by," a "Molecule_EntityType" "has" properties identified in the "FunctionalityType" and "StructureType" concepts (Figure 2 ).
-"FunctionalityType" is a concept of identification that allows one to identify, whatever the molecule type (gDNA, cDNA, mRNA, or protein), the type of functionality of a Molecule_EntityType leafconcept. The "FunctionalityType" concept comprises five leafconcepts: "functional," "ORF" (open reading frame) and "pseudogene" identify the functionality of Molecule_EntityType leafconcepts in undefined configuration (conventional genes and IG and TR C genes), or in germline configuration (IG and TR V, D, and J genes before DNA rearrangements); "productive" and "unproductive" identify the functionality of Molecule_EntityType leafconcepts in rearranged or partially-rearranged configuration (IG and TR entities after DNA rearrangements, and by extension fusion entities resulting from translocations, and hybrid entities obtained by biotechnology molecular engineering). -"StructureType" is a concept of identification that allows one to identify, whatever the molecule type (gDNA, cDNA, mRNA, protein), the type of structure of Molecule_EntityType leafconcepts.
The semantic relations of "Molecule_EntityType" are formalized as properties (in OWL).
"ChainType," "DomainType," and "ReceptorType" concepts. One of the goals of IMGT-ONTOLOGY has been to represent knowledge in order to manage molecular components from www.frontiersin.org FIGURE 2 | The "Molecule_EntityType" concept with its relations. The "Molecule_EntityType" concept is defined by the "MoleculeType," "GeneType," and "ConfigurationType" concepts of identification and has properties identified in the "FunctionalityType" and "StructureType" concepts (IDENTIFICATION axiom). Arrows indicate reciprocal relations "is_defined_by" and "defines," "_has_,"
and "_for_." Leafconcepts are general (online in blue) or specific of the IG and TR (online in red). The "Molecule_EntityType" concept has 38 leafconcepts (or keywords in the IMGT® databases and tools). Only a few examples of the "StructureType" leafconcepts (or keywords in the IMGT® databases and tools) are shown (see details in Lefranc, 2011b) .
sequences to 3D structures in IMGT® databases and tools. The three concepts "ChainType," "DomainType," and "ReceptorType" have been fundamental in that knowledge representation.
"ChainType" is a concept of identification that allows one to identify the type of chain. "ChainType" is a "highconcept" that comprises four levels ( Figure 3 ): "MolecularComponentLevelChainType," "ReceptorLevelChainType," "ClassLevelChainType," and "GeneLevelChainType." The concepts are organized in an acyclic graph based on the subsumption relation, the depth of which depends on the precision that needs to (or that can be) reported for the data identification. The finest level of granularity, the "GeneLevelChainType" concept, identifies the type of chain by reference to the gene(s) which code(s) the chain. It represents the main concept for a very precise identification because it establishes a relationship with "Gene" (concept of classification) (the reciprocal relations are: "is_coded_by" and "codes"). The number of "ChainType" leafconcepts of the "GeneLevelChainType" depends on the number of functional genes and ORF ("FunctionalityType") per haploid genome, in a given species (in the case of the IG and TR genes, it is the number of functional and ORF C genes which is taken into account).
The "ChainType" concept is defined by the "Molecule_EntityType"and the"DomainType"concepts of identification, and also defined by concepts of classification (see IMGT-ONTOLOGY CLASSIFICATION Axiom) as the type of chain depends on the taxon (Figure 4) . "DomainType" allows one to identify the type of domain. A domain is a chain subunit characterized by its three-dimensional (3D) structure, and by extension its amino acid sequence and the nucleotide sequence which encodes it.
The "ChainType" concept represents a key concept that allows to link the "Molecule_EntityType" (sequences in databases) to the concept of "ReceptorType" (3D structures in databases; Figure 4 ). "ReceptorType" allows one to identify the type of receptor. "ReceptorType" is defined by the "ChainType" leafconcept(s) that identify the associated chains of a receptor. "ReceptorType" is a "highconcept" with a hierarchy of four levels of granularity (depending on the "ChainType" hierarchy). The "ReceptorType" concept has properties identified in the "FormatType," "SpecificityType," and "FunctionType" concepts (Figure 4 ; Lefranc, 2011b) .
IMGT ® standardized keywords in databases and tools
The leafconcepts of identification are IMGT® standardized keywords in the IMGT® databases and tools . The list of IMGT® standardized keywords is available from the IMGT/LIGM-DB database 3D structures) were precisely defined. They represent the controlled vocabulary assigned during the annotation process and allow standardized search criteria for querying the IMGT® databases and for the extraction of sequences and 3D structures. IMGT/HighV-QUEST, the IMGT® tool for analysis of IG and TR nucleotide sequences obtained from next generation sequencing (NGS; Alamyar et al., 2012) , provides an evaluation of the configuration ("ConfigurationType") and, accordingly, of the sequence functionality ("FunctionalityType"): such precision and standardization in the NGS results are of the utmost importance for the reuse of data for the statistical analyses required for the comparison of immune repertoires (Prabakaran et al., 2012) and for data interpretation.
IMGT-ONTOLOGY DESCRIPTION AXIOM
The DESCRIPTION axiom of the Formal IMGT-ONTOLOGY or IMGT-Kaleidoscope postulates that, for molecular components, any molecule and its relations have to be described (Lefranc, 2011c) . IMGT-ONTOLOGY concepts of description generated from the DESCRIPTION axiom led www.frontiersin.org FIGURE 3 | "ChainType" "highconcept." The hierarchy of "ChainType" for the identification of IG chains comprises four levels of granularity which are associated with an increasing level of precision:
the "MolecularComponentLevelChainType," the "ReceptorLevelChainType," the "ClassLevelChainType," and the "GeneLevelChainType."
to the IMGT® standardized labels for molecular components (IG, TR, MH, RPI, FPIA, and CPCA) in IMGT® databases and tools.
IMGT-ONTOLOGY concepts of description
Concepts of description have been progressively elaborated in order to take into account the entities of the different steps of
Frontiers in Genetics | Bioinformatics and Computational Biology FIGURE 4 | The "ReceptorType" concept with its relations. The "ReceptorType" concept is defined by the "ChainType" concept of identification and has properties identified in the "FormatType" , "SpecificityType," and "FunctionType" concepts (IDENTIFICATION axiom). The "ChainType" concept is itself defined by the "Molecule_EntityType" and "DomainType" concepts and by concepts of classification organized in a hierarchy (see CLASSIFICATION axiom). Arrows indicate reciprocal relations "is_defined_by" and "defines," "_has_," and "_for_" (see details in Lefranc, 2011b) . The "ChainType" and "ReceptorType" concepts have different levels of granularity (up to four) and are highconcepts. The reciprocical relations between "ReceptorType" and "Cell_EntityType" concepts are "_has_" and "_for_." The "Cell_EntityType" (not developped in the current version) is part of the "CellularComponent" concept (Pappalardo et al., 2010) .
the molecular synthesis of the antigen receptors (IG and TR) and, more generally, of all molecular components and to describe all motifs of biological interest of sequences and 2D and 3D structures in databases and tools.
"Molecule_EntityPrototype" concept. The "Molecule_EntityPro totype" is a concept, generated from the DESCRIPTION axiom, that provides the description of the "Molecule_EntityType" concept (IDENTIFICATION axiom). There are as many leafconcepts in the "Molecule_EntityPrototype" as there are leafconcepts in the "Molecule_EntityType." Thus the "Molecule_EntityPrototype" comprises 38 leafconcepts that describe the organization of each entity with its constitutive motifs and relations. Each "Molecule_EntityPrototype" leafconcept is linked to a "Molecule_EntityType" leafconcept by the reciprocal relations "describes" and "is_described_by." For example, a "V-gene" is described by "V-GENE," and a "V-D-J-gene" by "V-D-J-GENE." Leafconcepts of description (labels in the IMGT® databases and tools) are written in capital letters.
Prototypes and relations between concepts of description. In order to visualize the organization of each entity, prototypes were defined. A prototype is a graphical representation of a "Molecule_EntityPrototype" leafconcept. Two prototypes of "V-GENE" and "V-D-J-GENE" are shown in Figure 5 as examples of a germline entity and of a rearranged entity, respectively. Twentyseven labels for "V-GENE" and 33 labels for "V-D-J-GENE" (20 of them being shared by the two prototypes), on a total of 277 different labels for sequences in IMGT/LIGM-DB, are necessary and sufficient for a complete description of these prototypes. The organization of a prototype is based on the relations that order two labels. IMGT-ONTOLOGY formalizes the topological relations that define the relative position of two labels. A set of twelve relations are necessary and sufficient to describe the relations between labels in a prototype Lane et al., 2010 ; Table 2 ). The reciprocal relations "is_in_5_prime_of " and "is_in_3_prime_of " describe the relative position of labels on a 5 -3 DNA strand when there is no intersection or contiguity between labels (Lane et al., 2010) .
IMGT ® standardized labels in databases and tools
The leafconcepts of description are IMGT® standardized labels in the databases and tools . The IMGT® www.frontiersin.org 
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standardized labels are available from the IMGT/LIGM-DB database query page (IMGT® Home page; http://www.imgt.org) and in the IMGT Scientific chart at: http://www.imgt.org/IMGTScientificChart/SequenceDescription/ IMGT3Dkeywords.html (definitions of these labels are available at: http://www.imgt.org/IMGTScientificChart/SequenceDescrip tion/IMGT3Dlabeldef.html). More than 560 IMGT® standardized labels (277 for sequences and 285 for 3D structures) were precisely defined. IMGT/Automat, the IMGT® tool for the annotation of rearranged cDNA implements corresponding labels and prototypes. IMGT® standardized labels and the organization of "Molecule_EntityPrototype" have recently been implemented in IMGT/LIGMotif for the automation of the annotation of large genomic sequences (Lane et al., 2010) . A set of specific labels was defined to describe the different organizations of IG and TR genes in clusters at the scale of the locus or of the chromosome.
IMGT-ONTOLOGY CLASSIFICATION AXIOM
The CLASSIFICATION axiom of the Formal IMGT-ONTOLOGY or IMGT-Kaleidoscope postulates that, for molecular components, any molecule and its relations have to be classified (Lefranc, 2011d) . IMGT-ONTOLOGY concepts of classification generated from the CLASSIFICATION axiom led to the IMGT® standardized IG and TR gene and allele nomenclature.
IMGT-ONTOLOGY concepts of classification
The IMGT® standardized gene and allele nomenclature is based on the concepts of classification, generated from the CLASSIFICA-TION axiom, which defines the principles for the nomenclature of highly polymorphic multigene loci and families. In particular, the concepts of classification have allowed to classify the genes whatever the antigen receptor (IG or TR), whatever the locus (e.g., for mammals, immunoglobulin heavy IGH, immunoglobulin kappa IGK, immunoglobulin lambda IGL, T cell receptor alpha TRA, T cell receptor beta TRB, T cell receptor gamma TRG, and T cell receptor delta TRD), whatever the gene configuration (germline, undefined, or rearranged), and whatever the species, from fish to human. Among the concepts of classification, the "Group," "Subgroup," "Gene," and "Allele" concepts are essential for the IMGT® gene nomenclature (Giudicelli and Lefranc, 1999) . They are shown with their semantic relations in Figure 6 that are used for the V gene designation.
IMGT ® standardized IG and TR gene and allele nomenclature
In the context of the gene and allele classification, ontological principles defined in IMGT-ONTOLOGY have preceded the IMGT® standardized gene and allele nomenclature. This has been true for the human genes, and all IMGT® IG and TR gene names (Lefranc, 2000a,b; Lefranc and Lefranc, 2001a,b) were defined before the complete human genome sequencing (Lander et al., 2001; Venter et al., 2001) . This is still the case for newly sequenced genomes and the denomination of IG and TR genes from a newly sequenced species is considerably facilitated by the preexisting nomenclature principles and rules. Full IMGT® standardized gene name comprises the latin names of the genus and species (e.g., Homo sapiens IGHV1-2). Gene names used in natural language and in publications may include abbreviation if needed for tables or figures (6-letter code for genus and species, 9-letter code for genus, species, and subspecies).
Interoperability between IMGT, HGNC, and NCBI
Since the creation of IMGT®, the international ImMunoGeneTics information system® in 1989, at New Haven during the 10th Human Genome Mapping Workshop (HGM10), the standardized classification and nomenclature of the IG and TR of humans and other vertebrate species have been under the responsibility of the IMGT Nomenclature Committee (IMGT-NC). The IMGT® gene nomenclature for human IG and TR genes (Lefranc, 2000a,b; Lefranc and Lefranc, 2001a,b) was approved by the Human Genome Organisation (HUGO) Nomenclature Committee (HGNC) in 1999 (Wain et al., 2002) and endorsed by the World Health Organization-International Union of Immunological Societies (WHO-IUIS; Lefranc, 2007 Lefranc, , 2008 . IMGT® IG and TR gene names are the official international reference and have been entered in IMGT/GENE-DB, the IMGT® gene database (Giudicelli et al., 2005b) , in the Human Genome Database (GDB; Letovsky et al., 1998) , in LocusLink at the National Center for Biotechnology Information (NCBI) in 1999-2000 (Maglott et al., 2000) , in NCBI Entrez Gene when this gene database superseded LocusLink (Maglott et al., 2007) , in NCBI Gene and in NCBI MapViewer, in Ensembl at the European Bioinformatics Institute (EBI) in 2006 (Hubbard et al., 2002) , and in the Vega Genome Browser at the Wellcome Trust Sanger Institute (Ashurst et al., 2005) . Amino acid sequences of human IG and TR C genes were provided to UniProt in 2008 (Bairoch et al., 2009 ). Close collaborations have been developed to maintain interoperability between the databases, with HGNC (Wain et al., 2004; Bruford et al., 2008) , NCBI Gene (Maglott et al., 2011) , Ensembl,Vega (Wilming et al., 2008) , the Mouse Genomic Nomenclature Committee (MGNC), the Nomenclature Committees of newly sequenced genomes, for example, ZFIN for the zebrafish Danio rerio (Bradford et al., 2011) or external team contribution, for example, TRB locus of the rhesus macaque Macaca mulatta (Greenaway et al., 2009) . IG and TR genes are also integrated in the HUGO ontology and NCI Metathesaurus available on the NCBO BioPortal 4 . Mapping between the HUGO ontology and IMGT-ONTOLOGY will be developed with the formalization of the concepts of classification in OWL.
IMGT-ONTOLOGY NUMEROTATION AXIOM
The NUMEROTATION axiom of the Formal IMGT-ONTOLOGY or IMGT-Kaleidoscope postulates that, for molecular components, any molecule and its relations have to be numbered (Lefranc, 2011e,f) . Two major IMGT-ONTOLOGY concepts of numerotation generated from the NUMEROTATION 4 http://bioportal.bioontology.org/ontologies/ (Giudicelli and Lefranc, 1999) . The "Locus" concept is a concept of localization (LOCALIZATION axiom). (B) Example of leafconcepts for each concept of classification. They are associated with a "TaxonRank" level, and more precisely for the "Gene" and "Allele" concepts with a leafconcept of "Species" (here, Homo sapiens).
axiom comprises the "IMGT_unique_numbering" and "IMGT_ Collier_de_Perles" (IMGT unique numbering and IMGT Colliers de Perles in IMGT® databases and tools).
"IMGT_unique_numbering"
The "IMGT_unique_numbering" concept (Lefranc, 2011e) defines a systematic and coherent numbering (amino acids and codons) for the description of "DomainType" leafconcepts. The "IMGT_unique_numbering" was originally defined for the IG and TR V-DOMAIN (Lefranc, 1997) . It provides a standardized delimitation of the framework regions (FR-IMGT) and complementarity determining regions (CDR-IMGT), and therefore allows to correlate each position (amino acid or codon) with the structure (beta strand, loop, beta turn) and the function (antigen binding) of the V-DOMAIN. FR-IMGT and CDR-IMGT lengths became a major property of the IG and TR V-DOMAIN. The "IMGT_unique_numbering" concept has been extended to the V-LIKE-DOMAIN of the IgSF other than IG and TR (Lefranc, 1999; Lefranc et al., 2003) , to the C domain (C-DOMAIN of IG and TR and C-LIKE-DOMAIN of IgSF other than IG and TR; Lefranc et al., 2005b) and to the G domain (G-DOMAIN of MH and G-LIKE-DOMAIN of MhSF other than MH) (Lefranc et al., 2005c) . Thus, the "IMGT_unique_numbering" concept allows to number domain types that are characteristic of protein superfamilies, whatever the species, the molecule type or the chain type. Three leafconcepts have been defined for the variable (V) domain, the constant (C) domain, and the groove (G) domain: "IMGT_unique_numbering_ for_V_domain" (Lefranc, 1997 (Lefranc, , 1999 Lefranc et al., 2003) and "IMGT_unique_numbering_for_C_domain" of the IG, TR and IgSF, and "IMGT_unique_numbering_ for_G_domain" (Lefranc et al., 2005c) of the MH and MhSF.
"IMGT_Collier_de_Perles"
The "IMGT_Collier_de_Perles" concept (Lefranc, 2011f) corresponds to the graphical 2D representation of domains based on the set of rules defined by the "IMGT_unique_numbering." This original and unique approach allows one to bridge the gap between sequences and 2D and 3D structures and greatly facilitates the domain comparison, position per position. Three leafconcepts are defined: "IMGT_Collier_de_Perles for_V_domain" (Lefranc, 1999; Lefranc et al., 2003) , "IMGT_Collier_de_Perles_for_C_ domain" and "IMGT_Collier_de_Perles for_G_domain" (Lefranc et al., 2005c) . Figure 7 shows graphical representations of "IMGT_Collier_ de_Perles_for_V_domain" (Lefranc et al., 2003) . The five highly conserved amino acids found in IG and TR V domains, whatever the species and molecule type, are highlighted (online in red letters): at position 23 (1st-CYS, or first conserved cysteine C), 41 (CONSERVED-TRP, or conserved tryptophan W), 89 (hydrophobic amino acid, here methionine M), 104 (2nd-CYS, or second conserved cysteine C), and 118 (here J-PHE, or J-REGION tryptophan W). This leafconcept allows, for the first time, to compare domains of IG and TR (V-DOMAIN) and of IgSF proteins other than IG or TR (V-LIKE-DOMAIN), on one layer (facilitating comparison with sequences) or on two layers (bridging comparison with 3D structures). Figure 8 shows graphical representations of "IMGT_Collier_ de_Perles_for_G_domain" (Lefranc et al., 2005c) . This leafconcept allows, for the first time, to compare domains of the same chain (G-ALPHA1 and G-ALPHA2 of MH1), domains of different chains of the same receptor (G-ALPHA and G-BETA of MH2), or domains of MhSF proteins other than MH (G-ALPHA1-LIKE and G-ALPHA2-LIKE of RPI-MH1Like).
IMGT unique numbering and IMGT Collier de Perles in databases and tools
The IMGT unique numbering and the IMGT Colliers de Perles are used for the numbering of both the codons (in nucleotide sequences) and the amino acids (in protein sequences and structures; Ruiz and Lefranc, 2002; Garapati and Lefranc, 2007; . By facilitating the comparison of residues between sequences, the IMGT unique numbering and the IMGT Colliers de Perles have been the basis for the description of the IG and TR gene allelic polymorphism and for the studies of IG somatic hypermutations in V-DOMAIN. They represent a major breakthrough for the analysis and the comparison of the huge repertoires of antigen receptors (potentially 2 × 10 12 per individual). Indeed, the IMGT unique numbering and the IMGT Colliers de Perles represent a key component in immunogenetics studies by creating a strong and reliable interoperability between the IMGT® databases, tools, and web resources .
Rules for the IMGT unique numbering are implemented in IMGT® online tools: for the analysis of IG and TR rearranged cDNA sequences by IMGT/V-QUEST and IMGT/JunctionAnalysis (Yousfi Bleakley et al., 2006; , for the analysis of cDNA sequences from high-throughput NGS sequencing by IMGT/HighV-QUEST (Alamyar et al., 2012) and for the analysis of amino acid sequences and 2D structures by IMGT/DomainGapAlign (Ehrenmann and Lefranc, 2011a) , IMGT/DomainDisplay and IMGT/Collier-de-Perles . They are also implemented in IMGT® databases, and particularly in IMGT/3Dstructure-DB (Ehrenmann et al., 2010a; Ehrenmann and Lefranc, 2011b) where they have been fundamental in the setting up of the standardized definition of contact analysis (Kaas and Lefranc, 2005; Kaas et al., 2008; Ehrenmann et al., 2010a) and of paratope and epitope in crystal structures (Lefranc, 2009; Ehrenmann et al., 2010b) .
The IMGT Colliers de Perles are particularly useful in molecular engineering and antibody humanization design based on CDR grafting. Indeed they allow to precisely define the CDR-IMGT and to easily compare the amino acid sequences of FR-IMGT and CDR-IMGT between the mouse (or other species) and the closest human V-DOMAIN (Lefranc, 2009; Ehrenmann et al., 2010b) . Analyses performed on humanized therapeutic antibodies underline the importance of a correct delimitation of the CDR regions to be grafted (Magdelaine-Beuzelin et al., 2007) . The IMGT Colliers de Perles also allow a comparison to the IMGT Colliers de Perles statistical profiles for the human expressed IGHV, IGKV, and IGLV repertoires. These statistical profiles are based on the definition of 11 IMGT amino acid physicochemical characteristics classes which take into account the hydropathy, volume, and chemical characteristics of the 20 common (Lefranc et al., 2003) . Arrows indicate the direction of the beta strands and their designations in 3D structures. The IMGT Colliers de Perles on two layers show, in the forefront, the GFCC C strands and, in the back, the ABED strands. The chain identifiers to which the domains belong are 1a3l_H for (A), (B), (C), and 1yjd_C for (D) [IMGT/3Dstructure-DB (Ehrenmann et al., 2010a; Ehrenmann and Lefranc, 2011b) ].
amino acids . This comparison is useful to identify potential immunogenic residues at given positions in chimeric or humanized antibodies or to evaluate immunogenicity of therapeutic antibodies.
DISCUSSION
The standardization, the consistency and the reliability of the immunogenetics data in IMGT®, the international ImMunoGeneTics information system® (http://www.imgt.org) rely on www.frontiersin.org (Lefranc et al., 2005c) . Note that the N-terminal end of a peptide in the cleft would be on the left hand side. The chain identifiers to which the domains belong are 1akj_A for (A) and (B), 1fyt_B for (C) and 1cd1_C for (D) [IMGT/3Dstructure-DB (Ehrenmann et al., 2010a; Ehrenmann and Lefranc, 2011b) ].
IMGT-ONTOLOGY, elaborated since 1989 in order to manage, to share and to represent the immunogenetics knowledge (Giudicelli and Lefranc, 1999; Lefranc et al., 2004 Lefranc et al., , 2005a Duroux et al., 2008; Lefranc, 2011a Lefranc, ,b,c,d,e,f, 2013 .
IMGT-ONTOLOGY has been developed to be used by any scientific domain which deals with immunogenetics. This includes fundamental, medical, veterinary, clinical, pharmaceutical and biotechnological research. Closely related terms have been integrated in some other biological ontologies (Table 3) . Chain types have been included in NCI Thesaurus, Logical Observation Identifier Names and Codes (LOINC), Molecule role (INOH Protein name/family name ontology) (IMR), National Drug File Reference Terminology (NDRFT). IMGT® standardized labels that describe specifically IG and TR sequences and 3D structures and 64 of the IMGT® standardized labels, in particular those for genomic sequences, have been included in Sequence Ontology (SO; Eilbeck et al., 2005) and in SNP-Ontology. IG and TR gene names were entered in HUGO and NCI Metathesaurus ( Table 3) . These ontologies are available on the NCBO BioPortal (Noy et al., 2009) , opening opportunities of mapping with them.
IMGT® standards derived from IMGT-ONTOLOGY concepts allow interoperability between external databases and tools. Interoperability between IMGT®, HGNC, NCBI, Ensembl, and Vega for the concepts of classification has been described (see Interoperability between IMGT, HGNC, and NCBI). The IMGT numbering is integrated in external Web resources: it is proposed, for Giudicelli and Lefranc (1999) , Lefranc et al. (2004 Lefranc et al. ( , 2005a Lefranc et al. ( , 2008 , Duroux et al. (2008) , Lefranc (2013) .
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b-f Lefranc (2011b,c,d,e,f) .
example, as domain system numbering in the sequence analysis tool IgBlast 5 . The IMGT® standards generated from IMGT-ONTOLOGY are extensively reused by scientists in very diverse domains for the interpretation of immunogenetics data. The first example is the acknowledgment of the IMGT® gene names as the official nomenclature for IG and TR genes (Wain et al., 2002; Lefranc, 2007 Lefranc, , 2008 , referenced and recorded in genome sites (NCBI Gene; Maglott et al., 2011) . The second example concerns the medical and clinical research which requires a high level of standardization for the results of data analysis in order to take therapeutical decisions: the European Research Initiative on chronic lymphocytic leukemia (CLL) (ERIC) includes 130 laboratories in 26 countries. ERIC has recommended the use of IMGT/V-QUEST , the IMGT® tool for the analysis of IG and TR rearranged sequences, as a reference for determining the rate of IGHV gene mutations, an important prognostic factor for CLL patients (Ghia et al., 2007; Giudicelli and Lefranc, 2008; Langerak et al., 2011) . Results provided with the IMGT® standards are integrated in clinical reports (Rosenquist, 2008) . The third example is the definition of monoclonal antibodies (mAb, suffix -mab) and fusion proteins for immune applications (FPIA, suffix -cept) of the World Health Organization/International Nonproprietary Name (WHO/INN) programme that are based on the IMGT-ONTOLOGY concepts (Lefranc, 2011g) . INN mAb and FPIA have been entered in IMGT/mAb-DB and IMGT/2Dstructure-DB, allowing queries of sequences, 2D structures (or IMGT Collier de Perles) and, if available, 3D structures. The fourth example of great interest 5 http://www.ncbi.nlm.nih.gov/igblast/ for pharmaceutical companies involved in antibody engineering and humanization for therapeutical use is the characterization of the three hypervariable loops (or CDR-IMGT) of an IG or TR variable domain using the IMGT/DomainGapAlign and IMGT/Collier-de-Perles tools. The objective of antibody humanization is to graft the CDR-IMGT of an antibody, usually murine, and of a given specificity onto a human domain framework, thus preserving the original murine antibody specificity while decreasing its immunogenicity (Lefranc, 2009; Ehrenmann et al., 2010b) .
IMGT-ONTOLOGY and IMGT® standards ensure the coherency of the IMGT® information system whose data permanently evolve with the most recent advances in science and methodologies. They form a unique and necessary whole for the modeling, the representation and the sharing of the immunogenetics knowledge by both humans and automated resources.
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